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Introduction enu Uivision

For signal processing in planar waveguides, it is necessary to
integrate, focus, collimate, image or Fourier-analyze guided wave beams by
efficient and Tow cost lenses that have diffraction-limited performance and
low noise. The investigation of chirped grating lenses as shown in Figure
1 has been the principal task of this research program until September
1982. During FY 1983 the research effort on the LiNbQ3 waveguide lens has
been shifted partially to a new applied research program awarded jointly to
the TRW Electro-optic Research Center and the University of California, San
Diego (UCSD) under the sponsorship of the Air Force Avionics Laboratory,
Wright Patterson Air Force Base, Contract No. F33615-82-C-1751, entitled
"Optical Waveguide Diffraction Elements". Only the research concerning the
fundamental limitations of the chirped grating lenses had remained in this
contract. During FY 1984 all the research on lenses had been shifted to
the joint TRW-UCSD program. We consider this as a technology transfer
process. In this process, the original work was carried out under the
basic research (6.1) program sponsored by AFOSR, the development of proto-
type lenses were carried out under the applied research (6.2) program
jointly by the University and industry. No research on chirped grating
lenses will be carried out at UCSD after 1984. TRW will be completely
responsible for any further development work in the future. In section 2,
we will summarize all the research accomplishments on chirped grating
lenses at UCSD. The technical details of chirped grating lenses are
contained in the 12 papers published in the open literature; they are also

summarized in the AFOSR Scientific Report entitled "Properties of Chirped

Grating Lenses in Optical Waveguides”, October 1st, 1984,
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In the meantime, a new materials and device research program on the
investigation of the electro-optical effects of 1I1-V compound semicon-
ductor materials and devices near their bandgap has been initiated in FY
1983. It has been recognized for some time that optical signal processing
holds considerable promise for high speed signal processing in DOD applica-
tions due to its parallel processing capabilities. In addition, optical
signals also need to be switched, processed, multiplexed, and demultiplexed
in optical fiber communications. However, characteristics of the materials
and components (including microfabrication processing technology) must be
improved before the full potential of combined opto-electronic signal
processing can be realized. In III-V compound semiconductors, optical
devices such as lasers and detectors have already been realized and used in
many applications including optical fiber communications. Electronic
devices such as GaAs MESFET, the InP MISFET and the HEMT have also been
demonstrated. Thus, electronic and optical devices may potentially be
integrated monolithically on the same chip. The advantages of integrated
opto-electronic signal processing include high speed of operation (due to
short interconnection delay time), versatility in combined optical-
electronic signal processing schemes and reliability and convenience of
optical-electronic signal conversion. However, the conventional electro-
optical coefficients in I1I-V semiconductors are an order of magnitude
smaller than that of LiNbO3 which is already an order of magnitude or more
smaller than that of liquid crystals or PLZT ceramics. In order to realize
effectively the combined opto-electronic signal processing, we need either
(a) to find a new interaction mechanism in 11I-V semiconductors that will
produce a large electro-optical effect or strong optical interactions, or

(b) to concieve combinations of devices such as lasers, detectors and
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2.

transistors that are interconnected in a pixel in such a manner that will

perform the signal processing function from the photo-excited carriers
without using either the electro-optical or the nonlinear optical
coefricient. Thus, during FY 1984 and part of FY 1983 we have undertaken
(a) a study of the electro-refraction effect, (b) a study of the cross
modulation effect of optical radiations at two wavelengths, and (c) a study
of interconnected devices that will perform logic functions electrically
from the photo excited carriers of optical radiations at two different
wavelengths. These studies have not been completed. They have been
transferred into a new AFOSR Grant (No. 84-0389) with UCSD. In section 3
of this final report we will present the data that have been obtained under

AFOSR Grant 80-0037.

Research on Chirped Grating Lenses

Currently the most commonly used guided-wave lens is a geodesic lens
that requires individual precision grinding of the non-spherical surface
contour for each Tens [1:2]. Such a fabrication process is expensive, and
the geodesic lens is difficult to integrate with other devices. Lens
effects can also be obtained by diffraction from chirped grating surface
relief patterns illustrated in Figure 1. Such surface relief patterns can
be made by the much less expensive planar micro-fabrication techniques. We
have investigated earlier the Fresnel lenses. They have given diffraction
limited spot size and large angular field of viewl3-51. But their
efficiency was less than 50%. Chirped grating lenses are similar to the
Fresnel lenses, except the grating grooves are long, and volume interaction

is used to obtain high efficiency. From another point of view, both the

chirped grating lens and the Fresnel lens can be regarded as a one




dimensional hologram, one is thin phase hologram and the other one is a

thick volume hologram. However, they differ from the conventional
holograms in that a much more sophisticated pattern of the index variation
can be designed by computer analysis and fabricated by photo lithography
and planar microfabrication processes. For example, Figure 2 shows a
curved chirped lens where the grooves are curved to satisfy more accurately
the phase matching condition when the F-number is small or when the grooves
need to be long. Chirped grating lenses with efficiencies as high as 90%
have been reported[6‘9]. However, the combination of high efficiency n and
large angular field of view A8, or the combination of high efficiency n and
small F-number requires special design optimization and materials and
fabrication control. In this grant, the first task that we have accom-
plished was the formalism of a generalized coupled mode theory, published
in IEEE Trans. MTT, MTT-29, 881 (1981) [10]), e used that as a design tool
to calculate the effect on the phase and the amplitude of the diffracted
beam when the grating periodicity, groove length, groove shape, material
indicies, incident beam angle, incident beam profile and fabrication
tolerances are varied. However, the generalized coupled mode analysis is
inaccurate whenever there is significant power in higher order diffracted
beams. Thus we have formulated a perturbation and iterative analysis for
lenses with medium Q factor values. This was published in the IEEE Journal
of Quantum Electronics QE-20, 410 (1984){11], e have also performed
experimental studies of the higher orders of diffraction and showed that
the rigorous coupled wave analysis by M. G. Moharam and T. K. Gay]ordtlz]
could predict accurately the power diffracted into the higher orders,

thereby providing a quantitative assessment of the errors of using our

generalized coupled mode analysis for the design of chirped grating




lenses. This work has been published in Applied Optics on January 15th,

1985[13], The second task that we have accomplished is to investigate
experimentally and theoretically the performance and the limitations of
chirped grating lenses on Ti-indiffused LiNbO3 waveguides. The lens on
this waveguide is important to the integrated optical r.f. spectrum analysis
of radar signals. This work also provided the basis for the comparison of
the lens properties that might be obtained by various approaches for the
joint TRW-UCSD program. Here, we have developed experimental processes to
fabricate various grating lenses including the deposition of rutile grooves
and the use of the reactive ion beam technique to etch the grooves on such
waveguides. High efficiency, over 80%, was obtained routinely. However,
the combination of large angular field of view (e.g. larger than 2 degrees)
and high efficiency or the combination of small F-number and high efficiency
is difficult to obtain because of the material properties of Ti-indjffused
waveguides. For chirped grating lenses large index perturbation (i.e.
large coupling coefiicient between the incident and the diffracted beams)
is necessary for obtaining high efficiency at small groove lengths (e.g. 25
to 50 um). Small groove lengths are also needed for small F-numbers or
large angular field of view. In the Ti-indiffused waveguide the material
index of the waveguiding layer is very close to the material index of the
substrate. Large index perturbation by using either a high rutile groove
profile or deep etched grooves will cause either substantial amounts of
substrate mode conversion or a second propagating mode. Thus the angular
field of view or the F-numbers are limited by the material properties of
the Ti-indiffused waveguide. The results of this study were published in

the Journal of Lightwave Technology, LT-2, 503 (1984)[14]. Two alternate

methods were also conceived and demonstrated that would circumvent this




difficulty. One is to use ion exchanged waveguides (published in Applied
Physics Letters 43, 424 (1983), the second one is to use a Nbp0g transition
waveguide for the lens section (published in Applied Optics, 22, 3128
(1983) (9,101, A moderate improvement of the magnitude of index perturba-
tion can also be obtained by controlling the Ti-indiffusion process as
reported in Applied Physics Lletters, 45, 207 (1984) [15], The third task
we have accomplished is to investigate the fundamental limitations of the
performance of chirped grating lenses in all waveguides caused by the index
perturbation that can be realized in existing materials, (to be published
January 1985, in the Journal of Quantum Electronics), the resolution of the
lithographic process, diffraction into higher orders (to be published
January 1985 in Applied Optics) and the tolerance of the microfabrication
processes (to be published January 1985 in Applied Optics [13,16,17],

A scientific report summarizing the properties of chirped grating
lenses in optical waveguides was prepared and issued under this grant on

October 1lst, 1984,

3. Research on Electro-Optical Properties of III-V Semiconductors

There are two objectives in our program: (a) To find an interaction
mechanism in I1I-V semiconductors that will produce a large electro-optical
effect or strong optical interactions. (b) To conceive combinations of
devices such as lasers, detectors and transistors that are interconnected
in a pixel in such a manner that will generate electronically the signal
processing function from the carriers photo-excited by the optical
radiations, without using the electro-optical coefficient. Ultimately
nonlinear optical interactions may be utilized to achieve modulation at

frequencies much beyond the microwave range.
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So far, we have undertaken three research tasks. (a) A study of the
electrorefraction effect near the bandgap of the III-V semiconductors (GaAs
and InP). The change of refractive index due to an applied electric field
is expected to be very large for wavelengths near the bandgap. A combina-
tion of electroabsorption and electrorefraction may be utilized to provide
effective electro-optical modulation. (b) A study of the cross modulation
of the radiation at wavelength xl, near the bandgap by a second radiation
above the bandgap at wavelength xz. Cross modulation may be utilized to
obtain an AND logic function between these two radiations. (c) A study of
the characteristics of a photo-conductive detector in InP coupled with a
photo-diode in InGaAs. Both devices are integrated on the same chip which
consists of a layer of GalnAs grown epitaxially on InP. The objective of
this study is to demonstrate the AND logic function of two radiations
at A, (v 0.84 um) InP and A

R 2
electrically by means of the carriers photo-excited in InP by g and in

(~ 1.5 ym). The logic function is realized

GalnAs by Age The technical details of these three research tasks

undertaken in this AFOSR grant are summarized in the following subsections,

3.1, 3.2 and 3.3.

These studies have not been completed, they are being continued under

the new AFOSR grant (84-0389).

Electrorefraction and Electroabsorption in InP and GaAs Near the Bandgap

The immediate objective of this work is to measure the electro-
refraction and electro-absorption in bulk III-V semiconductors, i.e. to
determine the changes in the refractive index n and absorption coefficient

a respectively caused by an applied electric field at various optical

wavelengths near the fundamental absorption edge. This data is required
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later for the design of electro-optic modulators and optical digital and
analog data processing elements.

So far, measurements of changes in index and in absorption have been
made on two bulk materials, InP and GaAs, since these materials are readily
available commercially. In order to apply large voltages to the samples
without heating them significantly, high resistivity material is required.
Such high resistivity is avialable from semi-insulating materials which we
have used exclusively. Our experiment involves propagating an optical beam
through & thin sample and applying an electric field in the same direction
as the optical beam. This required the following sample preparation: A
piece of a wafer was optically polished on both sides. Indium tin oxide, a
transparent conductor, was deposited on both polished surfaces. On top of
that a layer of aluminum was deposited, with a window opened in the aluminum
so that light can propagate through the sample. The purpose of the aluminum
layer is to reduce the resistivity of the electrode.

In order to evaluate electrorefraction and electroabsorption as a
function of wavelength a tunable pulsed infrared laser source is used. Our
source is a Chromatix CMX-4/IR optical parametric oscillator driven by a
Chromatix CMX-4 dye laser. In order to determine a small change of
refractive index, we have chosen to measure the refractive index interfero-
metrically. We have used a Mach-Zehnder interferometer becuase it is least
sensitive to absorption in the sample. The interferometer is illustrated
schematically in Figure 3. The sample is placed in one arm of the inter-
ferometer. In the other arm is an optical wedge mounted on a micrometer-
drive translation stage, which is used to precisely control the phase of
the reference beam. An attenuator may also be placed in this arm. Inter-

ference fringes are visible at the output of the interferometer. As an
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electric field is applied to the sample the refractive index changes,
causing the fringe position to shift. The fringe shift is measured and
from it the change of refractive index is calculated. In the electro-
absorption measurements, transmission through the sample was measured.

Initially a Vidicon camera was used to observe the fringe pattern, and
measurements of the fringe shift were made by counting complete or
fractional "steps" of the fringes. This technique produced some results,
but it was not satisfactory for two reasons. First, for refractive index
changes of the magnitude observed this technique is not sensitive enough to
give accurate results. Second, this technique provides no information
about the speed of the refractive index change, since the response time of
the Vidicon is about one second.

We have now implemented an improved interferometer monitoring system
with sensitivity better than one hundredth of a fringe. The system
utilizes an electronically sampled silicon photodetector coupled with a
computer to measure accurately the fringe pattern of the interferometer
with and without the applied voltage. In principle, a single photodetector
could be used, although we have used a bicell (two photodetectors side by
side on a single chip) for better sensitivity. The bicell measures the
spatial derivative of the intensity at any point of the interference fringe
pattern. For a given position of the optical wedge (i.e. the phase of the
reference beam) the output of the bicell in response to each laser pulse is
amplified and sampled by a 12 bit analog to digital converter interfaced
with a computer. Hundreds of data samples are averaged by the computer,
giving a very accurate measurement of the intensity for a given phase of
the reference beam, in spite of vibrations in the fringe pattern. An

entire cycle of the interference fringe pattern is obtained by translating
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the optical wedge to scan the phase of the reference beam. Thus the
sinusoidal interference fringe pattern is recorded with and without the
applied voltage, and the difference in phase is computed by comparing
positions of zero-crossings in the two fringe patterns. The speed of this
measurement system is limited only by the pulse generator, not by the
detector. The resolution of this system is about 10 milliradians of phase
degrading by a factor of 3 or 4 at short wavelengths where very little
light is transmitted through the sample.

The experimentally measured results of electroabsorption in InP and
GaAs are shown in Figure 4. For comparison, previously published
results{18] are shown as crosses in the same graph. The experimentally
measured electro refraction data are shown in Figures 5 and 6 for InP and
GaAs respectively. Note that large change in index An is obtained only
when the optical wavelength is close to the bandgap where there is strong
electroabsorption. For the protection of our samples, voltages have been
limited to 150 V across the .10 mm thick InP sample, and 250 V across the
.45 mm thick GaAs sample.

We have investigated the effect of laser intensity on electroabsorp-
tion. For InP, laser intensities up to 0.3 w/cm2 have no effect on the
measured electroabsorption. With higher intensity electroabsorption
increases slightly. Similar results were obtained for GaAs; both electro-
absorption and electrorefraction are constant up to 0.1 W/cm? and increase
slightly at higher intensities. The InP measurements reported here were
all made at low intensity. For the GaAs measurements the optical intensity
was not monitored; this may introduce an error of up to 30%.

In our very first electrorefraction measurement we observed a very

large index change (an = .006) which occurred only after the sample had

10
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4. Conclusion

In conclusion, we have made a substantial contribution in the guided
wave chirped grating lens technology. Our work indicates that high
efficiency and diffraction limited spot size can always be obtained.
However, one must combine materials technology with theoretical design in
order to realize combinations of high efficiency and large angular field of
view or high efficiency and small F-number. For example, an angular field
of view of several degrees and efficiency larger than 80% can be obtained
in LiNbO3. Since FY 1983 we have initiated a new area of study on the
electo-optical material and device properties of III-V semiconductors. The
research program is important for optical signal processing and fiber
communications applications. More specifically we have found very large
electro-optical changes in the index occuring at a wavelength near the
bandgap of GaAs and InP, Effective modulators may be designed in the
future using this effect. We have discovered a cross modulation effect in
SI GaAs produced by a laser radiation above the bandgap on a LED radiation
near the bandgap. Such a cross modulation effect may be utilized in the
future to achieve an "AND" gate logic function. We have begun the invest-
igation of a photoconductive detector at A = 0.84 um coupled in series with
a photodiode at A = 1.5 um. Such a coupled device may again serve the
purpose of an "AND" gate logic function. Work in the electro-optical
properties of III-V semiconductor will continue in a new AFOSR grant,

NO L] 84-0389-
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the slope of the 1/R; vs. P curve is decreased slightly at P > 4 mw because
of a slight decrease in mobility and in lifetime when there is a large
number of photoexcited carriers. For P < 4 aw the slope of 1/Rg vs. P is
2.5 x 10-2 w-lohm-1. If we use a simple model of an InP sample with width

w, thickness D and length L, the resistance will be given by

1_ i qlu, + uE)Tn .

RS hvl
Here we have L = 50 um, hv = 1.48 eV and u +u = 0.48 M2/V-S. Y. Hori et
al. gave the lifetime t as 350 p.sec[zsl- Thus, we obtain n = 0.57 for
our photoconductive detector. These photoconductive detectors also exhibit
breakdown like I-V behavior in the dark. The breakdown voltage is 75 V at
10 um gap of separation between the electrodes, or 120 V at 20 um gap.

Due to the breakdown of our Nd/YAG pumped color center laser, we were
not able to evaluate the GalnAs/InP diode at 1.5 um wavelength. We have
used a focused beam of 0.84 um wavelength laser to illuminate the photocon-
ductive detector and then measured the I-V curve of the back biased
GalnAs/InP photodetector in series with the illuminated InP photoconductive.
detector and a forward biased GalnAs/InP photodetector. Figure 21 shows
the measured I-V characteristics. Notice that when V > VB’ the current is
still limited by the resistance of the photoconductive detector. So the
slope of the I-V curve for V > Vg is dependent on the power P as shown in

Figure 22.
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characteristics of a photo-conductive detector in response to the radiation
at xs = 0.84 um wavelength is expected to behave 1ike that shown in

Figure 17b. Thus, the I-V characteristics of the two devices in series is
expected to behave like that shown in Figure 17c. If the radiations

at L and A, are i1luminating the device from the back side as shown in
Figure 15a, and if the InP substrate is thicker than the absorption length
then the radiation at 0.84 ym will only be detected in the photoconductive
detector region. Hence, at the bias voltage of V,, the devcie will
function as an AND gate for the two radiations at xs and xz.

P-Ing,536ag, 47As/SI1-InP samples were grown by LPE at the Naval Ocean
Systems Center (NOSC), San Diego. The material properties are listed in
Table I and Table II. From the data shown in these two tables, the energy-
band diagram has the form sketched in Figure 18. In the initial devices
and for the sake of simplicity, we did not etch any windows in the back
side as shown in Figure 15. Focused radiation is used to illuminate the
sample from the front side. The device pattern on the front side is
obtained by ion milling under a mixture of 80% Ar/20% 0z fro 35 minutes,
followed by Reactive Ion Beam Etching (RIBE) under C,Fg for 15 minutes then
followed by chemical etching in HC1/CH3CO0H/H0p for 10 to 20 seconds to
remove the damage created by the ion beams. Photo-resist (post baked at
140°C for 2 hours) is used as the mask. Figure 19 is a micro-photograph of
a processed device.

In order to investigate photoconductive detectiun in InP, we have made
a pair of Au-Ge (88%/12%) electrodes on SI InP by the lift-off photolitho-
graphy process. For an InP photoconductor, we expect its resistance to be
inversely proportional to the power P illuminating the detector. Figure 20

shows the experimental 1/Rg vs. P curve that we have obtained. We think
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3.3 The Study of a Coupled Photodiode and Photoconductive Detector

Recently many InGaAs optical devices such as lasers and detectors have
been investigated. They are particularly suited for fiber communication
applications because they could function in the 1.5 um wavelength range.
InGaAs and InP also have very high saturation electron mobility. InP and
InGaAs transistors are also of interest for high speed electronic applica-
tions provided some of the material problems can be resolved in the future.
Ing.536ap,47As is also lattice matched to InP. Ing 53Gag, 47As can be grown
epitaxially on InP substrates by LPE or by MBE methods. Potentially,
optical and electronic devices can be monolithically integrated on
InGaAs/InP or InGaAsP/InP. Thus we have been examining various potential
interconnected opto-electronic devices based on the InGaAs/InP material
structure that can provide signal processing functions such as an AND
gate. The structure of the specific device that we have been investigating
in FY 1984 is shown in Figure 15 with its equivalent electrical circuit
shown in Figure 16. It consists of essentially a forward biased
p-InGaAs/SI InP photodiode, a SI InP photoconductive detector and a
p~InGaAs/SI InP reverse biased photodiode in series. The forward biased
photo-diode acts simply as a short circuit. Thus the interconnected device
functions essentially as a photoconductive detector in series with a
reverse biased photodiode. If a resistor Ro is connected in series with
that, we can describe the characteristics of such a device by the
equivalent circuit shown in Figure 16. Let us set aside for the time being
the various material problems that might be associated with a GalnAs/InP
diode and consider just an ideal photo-diode. The I-V characteristics of a

reverse biased photodiode in response to the radiation at x, = 1.5 um or

L
shorter is expected to behave like that shown in Figure 17a, while the I-V

18
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probably caused by the RC time constant of the electrical circuit. (2) In
the second experiment we monitored the voltage across the sample when 12
radiation pulse is applied. We see clearly there is a drop in this voltage
during the xz pulse. Thus, it appears that the cross modulation effect
observed during the XZ pulse could be explained by the fact that the drop
in voltage induced by the photoexcited carriers will lead to a drop in the
electric field across the sample, resulting in a drop in the electroabsorp-

tion effect. In the third experiment we varied A (3) Figure 14 shows

9°
the photo current, the attenuation of the LED light at A and the
reduction in the voltage across the GaAs sample during the Az radiation
pulse as a function of the xz wavelength. Clearly the cross modulation
effect is a maximum when AZ is at the band edge. We attributed the drop in
cross modulation at wavelength shorter than the bandgap to the drop in

photo current at the shorter wavelength. However, it is not yet clgar why

the photocurrent should be reduced rapidly at the wavelength shorter than
the absorption edge. We have also not been able to determine the mechanism

is increased after the radiation pulse

i through which the attenuation at N

at Az.

In conclusion, we have demonstrated a new cross modulation effect in
SI GaAs. A number of the side effects have not yet been explained. The
situation is also complicated because the carrier relationship in SI GaAs
is very complex and difficult to understand. We plan to conduct the same
experiment in other materials usch as SI InP or other heterostructures in
the future so that we can understand this cross modulation effect better.
: We will also assess the practical device performance characteristics that

may be obtained from such a cross modulation effect.,
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affected by the first pulse when the separation is more than 25 usec.

(b) In Figure 10 the attenuation at A, is increased after the Ao pulse. We

1
have measured the change in attenuation at Al due to the applied electric
field after the occurance of the optical radiation pulse at AZ. We found

that the change in attenuation at A, is increased substantially after the

1
AZ pulse, beyond what was possible without radiation pulse at Aoe If a
second voltage pulse is applied, the attenuation at Al during the second
voltage pulse will also be increased with the presence of the AZ radiation
pulse during the first voltage pulse, when the separation of two voltage
pulses is less than 5 microseconds. (c) Moreover, the increase in
attenuation at xl after the A, pulse has a nonlinear dependence on the
intensity of the Ay radiation. Figure 12 shows the attenuation at A as a
function of the applied voltage when the intensity of the Ay radiation is
0.059 x 10-3 joules/second and 0.085 x 10-5 joules/second. Thus it appears
that the carriers generated by the Ao pulse have created additional
absorption at Al within a relaxation time of the order of 10

microseconds. Additional experiments have been performed in order to
understand some of these side effects. (1) In the first experiment we
changed the RC time constant of the electrical circuit connected to the
voltage pulse generator by introducing a 5 x 10-3 y-farad capacitor across
the voltage source. The measured transmitted LED light as a function of

time without this additional capacitor is shown in Figure 13a and the

transmitted LED 1ight with the additional capacitor is shown in Figure 13b,

without any radiation at A Clearly the electroabsorption in the second

2.
pulse is larger with the capacitor. We think the increase in attenuation
at xl as a function of time both within the first voltage pulse and in the

second voltage pulse following immediately the first voltage pulse is

16
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LED light is increased due to the electroabsorption effect as shown in
Figure 9. The measured increase in attenuation is 4 to 5% at 300 volts, it
agrees only roughly with other available published electroabsorption
datal18]  because the LED has an extended spectral width and because the
absorption edge of SI GaAs is not very abrupt. The electroabsorption is
also in rough agreement with our own electroabsorption data shown in

Figure 4. When the sample is illuminated within the voltage pulse duration

by the pulsed radiation at A, at an intensity of 600 watts/cmZ, the

2
increase in attenuation due to electroabsorption is reduced to zero as

shown in Figure 10 when X, is present. In other words, under a large

2
applied electric field, the LED 1ight is transmitted to the detector with
. no electroabsorption, only when both the radiation at Al and AZ are

present. Thus we have demonstrated a cross modulation effect. This effect
performs essentially the logic function of an optical "AND" of the

: radiations at A, and at A,

A number of side effects have also been observed. (a) We have

measured the change of attenuation at X, without the pulsed radiation at

1
AZ’ as a function of the applied voltage and at a variable time delay from
the leading edge of the voltage pulse. It is interesting to note that the
change in attuation increases as the delay time is lengthened and saturates
after approximately 25 microseconds of delay. Figure 11 shows the increase
in attenuation as a function of applied voltage at zero time delay and at
25 uysec, time delay. When we measured the increase in attenuation produced
by two consecutive pulses, we observed that the change in attenuation
during the second pulse is affected significantly by the first pulse when

the two pulses are close to each other (less than 5 usec. delay between

pulses), and the attenuation characteristics during the second pulse is not

15
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another Al layer on top of the InSn0 layer, leaving just a small window for
the 1ight to pass through the transparent InSn0 electrode. The basic
experimental setup is illustrated in Figure 7. A beam of light from a LED
source (10 nwatts) centered at A o= 0.88 ym is transmitted through the
window in the sample. The LED light source has an aperture lens and a half
angle spread of 6°. After transmission through the GaAs, the LED light is
focused on to a photo detector. Some part of the LED spectrum fell below
the absorption edge (see Figure 8). A second radiation at the wavelength
Ao = 0.8850 + 0.01 um, obtained from the tunable chromatix CMX-4/IR
optical parametric oscillator which is driven by a chromatix CMX-4 dye
laser, is also available to transmit at an angle of incidence of 30° to the
substrate normally through the same window region as the LED light. This
radiation source has a maximum intensity of 1 kwatt/cm? and microsecond of

pulse duration, with A, tunable from the visible light wavelength to

2
2 um in the infra-red. The optical energy per pulse can be adjusted from
10-8 jouls to 10-% jouls with a pulse to pulse energy fluctuation of 20 to
30%. In addition, a voltage pulse generator with variable pulse width (few
tens of microseconds) and height (maximum 1000 volts) is used to provide
the applied voltage to the GaAs sample. The pulse radiation at Az can be
triggered in synchronization with the voltage pulse so that the optical
pulse can be controlled to occur at certain specific positions in time
during the voltage pulse. Triggering for the voltage pulse generator has
also been provided so that two consecutive voltage pulses can be applied to
the sample with a variable time delay between the two voltage pulses.

When a voltage pulse of few tens of microseconds duration at 300 volts

(corresponding to an electric field of 7.5 KV/cm) is applied to the

InSn0/Al1 electrodes in the absence of Az radiation, the attenuation of the




3.2

This work has been submitted for presentation in the 1985 CLEO

meeting.

Cross Modulation of Light in Semiconductor Materials in the Presence of

Electric Fields

A variety of optical devices are now being investigated for optical
signal processing and communication[22,23],  various forms of bulk semicon-
ductor bistable devices have been reportedtzz]. Recently, multiple-
quantum-well (MQW) structures have shown good potentials for signal
processing and communication app]ications[23-24]. We have observed cross
modulation of radiation at wavelength Ay (below and near the bandgap)
induced by a second radiation at wavelength Aos (above the bandgap) in bulk
GaAs in the presence of an applied electric field. This effect could
potentially be used to obtain optical logic functions such as the AND gate.
Such effects are expected to exist in other direct bandgap III-V compound
semiconductors such as InP and to be much larger in MQW structures. In the
following we will present the data that we have obtained in GaAs in
FY 1984,

In the initial experiments, we have used an undoped Semi-Insulating
(SI) GaAs sample. Both sides of the sample are optically polished. The
carrier density was given by the manufacturer as 108 per em3.  The samples
are approximately 400 um thick. A layer of transparent InSn0 electrode
approximately 600 A thick was sputtered on to the two polishea GaAs
surfaces to form a transparent electrode. Since the resistance of such an
InSn0 electrode was fairly high (the sheet resistance was approximately
1,000 to 10,000 ohms/g) and since the high resistance may cause distortion

of the electric voltage pulses appearing across the GaAs, we evaporated
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measured electroabsorption is much larger than the predicted value. This
may be caused by those effects mentioned above which are not included in
the simple theory.

Electroabsorption is a fundamental physical phenomenon, and electro-
refraction is derived from it by the Kramers-Kronig relationship[21]. It
may seem inconsistent that the measured electrorefraction fits the theory
while the electroabsorption from which it is derived does not. However, we
have measured the electroabsorption over only a small portion of the
wavelength spectrum. One would expect the electrorefraction to be affected
more by the large electroabsorption, on the order of 103 cm-1 to 104 cm=1,
occurring closer to the absorption edge, than by the small electro-
absorption that we have observed .015 uym to .040 um away from the
absorption edge. It appears that the simple theory can account for the
observed electrorefraction even though it can not account for the observed
electroabsorption.

A useful figure of merit for an electro-optic material is the ratio

an/E, the change of refractive index divided by the applied electric
field. For the Pockels effect, this ratio has the value an/E = %Qr\3r41 =
26 x 10-12 m/V for both InP and GaAs and for LiNb03, An/E = U@ng 33

= 160 x 10°12 m/V. In our experiments the maximum An/E measured was

240 x 10-12 m/V for InP and 190 x 10-12 m/V for GaAs. Thus, this type of
electrorefraction effect can provide electro-optic modulation in InP and
GaAs greater than the Pockels effect in LiNbO3 and nearly an order of
magnitude greater than the Pockels effect in InP and GaAs. In addition,
I1I-V semiconductors offer the possibility of integrating electro-optic
modulators on the same chip with other electronic and optoelectronic

devices.

12
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; suffered some kind of electrical breakdown. This index change had a time

constant of several seconds. We do not yet know for certain the cause of

this slow index change. In the measurements reported here we want to be
certain that the changes An and Aa that we measure are fast, not slow,
effects. Therefore, we have investigated the effect of the duration of the
electrical pulse on the electroabsorption. An electrical pulse 5 msec in
length is applied to the sample, and within the duration of the electrical
pulse the instant at which the short laser pulse is applied is varied. For
InP we found that there is no change in the electroabsorption when the
instant of the laser pulse is varied form the time the electrical pulse
reaches its full height until 5 msec later. The observed speed of response
of the electroabsorption in this measurement was limited by the rise time,
20 ysec, of the electrical pulse generator; the effect is probably much
faster than 20 usec. For GaAs, however, it appears that after the
electrical pulse reaches its full heic-t the electroabsorption cont{nues to
rise, saturating after about 100 usec to a value roughly 25% higher than
the initial value. The GaAs results reported here were taken with an
electrical pulse long enough for the electroabsorption to saturate.

A simple theory for computing electroabsorption and electrorefraction
has been described in the literature[19,20], This simple theory neglects
several important effects such as thermal broadening, impurity absorption,
free carrier absorption and excitonic absorption. Nevertheless, the curves
in Figures 4, 5 and 6 represent the calculated electroabsorption and
electrorefraction based upon this theory. For electrorefraction in InP,
there is good agreement between experiment and theory. For GaAs the
experimental data are qualitatively similar to, but quantitatively several

times larger than, the theoretical prediction. For both InP and GaAs the

11
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Table I

Material Parameters (Theoretical)

Bandgap Mobility at 300K Effective Mass
(eV) (cme/v-s) Ratio m*/m°
300K | 0K Elec. Holes Elec. Holes es/eo
Ing.aghlo.52As [ 0.73) 0.82 | 1.0x10%| 200 | 0.034 0.4 12
InP 1.35} 1.42 4600 150 0.077 0.64 14
Table Il
Material Parameters (Experimental)
Carrier q§nsity Hole Mobility
(cm=3) (cm@/v-s) Thickness | Dopant Growth
300K | 77K 300K 0K (um) Temperatur
Ing.48A10.52As 5.5,(1035 167 2 In 685°C
InP p > 107 Q-cm ~200 Fe
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Figure 9 The absorption of LED caused by a voltage pulse
is shown. The bottom trace is the voltage pulse
with horizontal scale 15 usec/cm and vertical
scale 150 V/cm. The upper trace represents the
absorption with vertical scale 10%/cm.
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Figure 10 The effect of the optical pulse of 1 kwatt/cm?
on the LED absorption is shown. The bottom trace
is the voltage pulse with horizontal scale
15 usec/cm and vertical scale 150 V/cm. The
upper trace represents the enhanced absorption
casued after the optical pulse, with vertical
scale 75%/cm.
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The absorption of LED light is plotted against

the electric field caused by the voltage pulse:

a) at the onset of the voltage pulse,
b) after 25 usec.
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Figire 72 The enhancad absorption of the LED light after the
optical pulse is plotted against the electric field.
a) optical pulse intensity 600 watts/cml.
b) optical pulse intensity 8 watts/cme.
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Figure 13  The effect of an external RC time constant on the second voltage
pulse is shown. The bottom trace is the voltage pulse with
horizontal scale 30 psec/cm and vertical scale 150 V/cm. The
upper trace represents absorption with vertical scale 8'/cm.

a) No external capacitor across the sample.

b) With external capacitor (0.005 uF) across the sample.
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Figure 14 The effect of the optical pulse wavelength on the properties
of the GaAs sample in the presence of transmitted LED 1ight
and applied pulse voltage is shown:

a) The current in the sample caused by the optical pulse
is shown for voltage pulse 50 V and optical pulse
intensity 6.3 x 10~/ Jouls/pulse.

b) The percentage absorption after the optical pulse is
shown for_voltage pulse 250 V and laser pulse intensity
6.7 x 10-7 Jouls/pulse.

c) The percentage reduction of voltage caused by the optical
pulse generated current in the sample is shown. The
applied voltage is 300 V and pulse laser intensity
1 x 10-4 Jouls/pulse.
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FIG.15

The Photoconductor - photodiode AND gate
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FIG.16

The Electrical Circuit Representation
of the Photoconductor - photodiode AN
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FIG.17

The I-V Characteristics of the AND Gate
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FIG.18

The Energy Band Diagram of the InGaAs/InP
Heterostructure




FIG.19 7tor view oF THE AND GATE
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FIG.20

The Resistance of the InP Photoconductive Detector
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FIG. 21

The I-V Characteristics at 0.84 um
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FIG.22

The Slope of the I-V Characteristics of the
AND Gate at 0.84 yum Wavelength
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